The level of sustainable development can be measured by eco-efficiency, which is a combination of economic and ecological performance. Utilizing the weighted sum of the improved proportions of the indicators as the objective function, this paper develops a proportional slacks-based measure model to assess eco-efficiency, in which the conventional inputs, and desirable and undesirable outputs are improved to different proportions along the elements of a given directional vector. Moreover, this paper presents a weighted proportional slacks-based measure model using the ranges as the divisors instead of the input and output values in the objective function. Finally, this paper presents an empirical analysis by applying proposed measure models with the data of 30 provinces in China in 2015. The empirical study results indicate the developed slacks-based measure models can be used in the assessment of eco-efficiency effectively and reasonably.
Introduction
In the contemporary era, more and more nations in the world are paying attention to the global environmental problem such as the lack of resources, air and water pollution, global warming and climate change, and acid substance precipitation on Earth's surface, which threaten the survival of human. Since it contains some ecological problems, environmental problem has become a major policy issue in the world. Any single nation cannot solve the ecological problems. Therefore, they need to be solved by international cooperation and the effort of all nations. In this aspect, environmental management and protection play an important role. In environmental protection, less resource consumption and waste emission are the most significant issues. Due to the shortage of resources and serious pollution, more and more countries give more emphasis to environmental protection while developing economy. The world has entered an era of ecological constraint. Sustainable development has become a consensus. The need for sustainable development has become crucial to improve environment and increase the earth's carrying capacity. Sustainable development is an environmentally friendly, economically feasible and socially acceptable growth pattern. It is defined as "the development that meets the needs of the present without compromising the ability of future generations to meet their own needs" [1] . In this aspect, it is crucial to assess the environmental burdens to realize the objectives of sustainable development. Therefore, any nation (or region and organization) that strives for sustainable development has to measure its economic as well as environmental (ecological) efficiency.
The concept of economic-ecological efficiency, commonly known as eco-efficiency (EE), has been given more and more attention from researchers, government and so on. Economic-ecological efficiency was first introduced as a business link to sustainable development by Schaltegger and the eco-efficiency formulation. In the directional SBI measure model of Fukuyama and Weber [33] , the undesirable outputs are not considered. Thus, this paper develops a proportional slacks-based measure (PSBM) model to assess eco-efficiency. In this model, conventional inputs, and desirable and undesirable outputs are improved to different proportions along the elements of a given directional vector. The objective function is the weighted sum of the improved proportions of the indicators.
Moreover, following the weighted ideas of the MSBM of Sharp et al. [36] using the SP [23] ranges as the divisors instead of the input and output values in the objective function, this paper also presents a weighted proportional slacks-based measure model.
In this paper, the proposed measure models are related to the directional distance function and take into account all slacks of the input, and desirable and undesirable outputs in the evaluation of the EE. Eco-efficiency means that decision making units utilize fewer resources to produce more goods (or services) and emit less pollutants. Hence, it is reasonable to consider the resource inputs, desirable outputs and undesirable outputs (pollutants) simultaneously in the assessment of eco-efficiency.
The rest of this paper is organized as follows. In Section 2, based on previous works, we develop a slacks-based model and weighted model for eco-efficiency analysis. Then, the properties of the models are provided. We present an empirical illustration, using the data of 30 provinces in China for the year 2015. The computation results are analyzed in Section 3. Section 4 presents some conclusions and remarks.
Models

The Directional Distance Function Measure (DDFM) Model and Some Slacks-Based Models for Eco-Efficiency Evaluation
This section reviews the DDFM model and some slacks-based models. There are J DMUs, denoted by DMUj (j = 1, 2, . . . , J). During production process, each DMUj (j = 1, 2, . . . , J) transforms inputs x ij (i = 1, 2, . . . , I) (resource) into desirable outputs y mj (m = 1, 2, . . . , M) and undesirable outputs z lj (l = 1, 2, . . . , L) (residuals and pollutants). x ij , y mj and z lj are supposed to be positive.
In accordance with earlier papers [10] [11] [12] [13] , we treat undesirable outputs (pollutants) as conventional inputs. Let λ j ≥ 0, j = 1, 2, . . . , J be the intensity variables, and then the technology structure is represented as: M ) are non-directional slack vectors, and λ * = (λ * 1 , λ * 2 , · · · , λ * J ) is the weight vector. In Model (3), the DMUk is efficient if the eco-efficiency EE A1 k (β * ) is equal to zero. If eco-efficiency EE A1 k is greater than zero (β* > 0), the DMUk is inefficient. In DDFM model, the projection point determined by the directional vector may not belong to the strongly efficient frontier. If weakly efficient units are chosen as benchmarks, the efficiency value does not reflect the true amount of slack (compared to the strongly efficient frontier) [37] . Directional slack is relative to the weakly efficient frontier and it is the improved amount of inputs and outputs along a given directional vector. Directional slack is the product between the efficiency value of DDFM model and the directional vector element. Apart from the directional slack, non-directional slack, which is the difference between the total slack amount and the directional slack in DDFM model, should be considered for a comprehensive inefficiency measure [38] .
Directional distance function measure models have better economic and proportional interpretations of efficiency. The economic interpretation of DDFM depends on the chosen directional vector g = (−g x , g y , −g z ). The parameter β measures the proportion by which the desirable outputs could be increased while the inputs and undesirable outputs are contracted in the same proportion along a given directional vector. The directional distance function inflates desirable outputs in the g y direction, decreases undesirable outputs in the −g z direction, and reduces inputs in the −g x direction, while remaining within the technology set. Radial measure assumes that contraction of inputs and undesirable outputs, or augmenting desirable outputs, are of the same proportion. However, DDFM model can handle the inputs, undesirable outputs and desirable outputs simultaneously. The directional distance is calculated by programming model. When the vector of the observed variables is defined for optimization, the efficiency value is in the [0, 1] interval. In this model, zero is the benchmark for the efficient frontier. In addition, DDFM model is flexible in choosing the projection direction. However, it has a disadvantage due to the lack of indication [38] . The reason is that the projection point determined by the directional vector may not be on the strongly efficient frontier. A weakly efficient frontier point does not take into account the true amount of slacks. Hence, the inefficiency value in the DDFM model is underestimated [35] .
In this paper, it is supposed that technology exhibits constant returns to scale, by allowing the sum of the elements of intensity vector to be free for the following reasons: First, ecological perspective and economic activity are commonly characterized by the constant returns to scale since what really matters from this view is the inputs and undesirable outputs exerted on the environment and not their distribution among different regions [39] . The constant returns to scale approach was used in previous papers, including Kuosmanen and Kortelainen [40] . Second, accounting for variable returns to scale in the computation of radial scores of eco-efficiency is straightforward. However, it is difficult to consider this assumption for the non-radial measure model of eco-efficiency in this paper [13] . Torgersen et al. [41] pointed out that we prefer to leave the scale measures as radial concepts. The idea of measuring technical efficiency by a radial measure model stems from Farrel [42] , in which the inputs are reduced at the same proportion, while remaining in the production possible set. Torgerser et al. [41] decomposed Farrell's original measure into separate measures of scale efficiency and technical efficiency. Scale measures are derived from the radial measure model. Forsund and Hjalmarsson [43] and Banker et al. [44] implemented it for linear technology. Third, the size of the firm or production activity does not matter in the assessment of eco-efficiency, since we are only interested in the ratio of the desirable outputs to the environmental pressure (resource inputs and pollutant emissions).
The Proportional Slacks-Based Measure Model (PSBM)
In this section, a proportional slacks-based measure (PSBM) model is developed. Evidently, the DDFM model assesses relative efficiency. It increases the desirable outputs and decreases the inputs and undesirable outputs simultaneously by the same proportion, along a given directional vector g = (−g x , g y , −g z ). However, after attaining the maximum reduced (increased) proportion β* of the direction of inputs and undesirable outputs (desirable outputs), additional contraction (augmentation) may still be feasible in some inputs and undesirable outputs (desirable output) because of non-directional slacks. The DDFM model does not consider all possible sources of inefficiency.
Hua et al. [11] put forward a program model as:
ω j x ij = x ik − r 1 2Mg ym may also be regarded as the relative weights to be assigned to the inefficiencies. The weights represent value judgment [31] . The objective function is to maximize the weighted average of the input and output slacks. Directional SBI measure model incorporates all the sources of inefficiency. Moreover, it is related to the direction distance function, and generalizes some measures. Its computation is not complex. Based on Model (4) and directional SBI measure model, we consider the inputs, desirable outputs and undesirable outputs simultaneously, and propose a proportional slacks-based measure model as:
where
be the optimal solution of Model (5) . α * i is the proportion of input i, which can be decreased by in the −g x direction. δ * l is the reduced proportion of undesirable output l, in the −g z direction. θ * m is the expanded proportion of desirable output m, in the g y direction.
In Model (5), the DMU is efficient if the eco-efficiency EE A2 k (ρ * ) is equal to zero. If EE A2 k > 0 (any of α * i , θ * m , δ * l is greater than zero), then the DMU is inefficient. In PSBM model, the directional vector represents value judgments that are not included in the data of inputs and outputs. Different managers may use various values as a guide to choice. The directional vectors based on data are usually utilized. (−x i , y m , −z l ) is the direction of the observed indicators. The range of a variable is defined as its maximum observed minus its minimum observed value. In such a range, worst performance is given by maximum inputs and minimum desirable outputs. This is because worst performance is included in the definition of the range, and efficiency results depending on the range defined [31] . For Model (5) , under the constraint
Thus, the evaluation results are relative to the maximum inefficiency, which the observations allow in each input and output. When s
the worst observed value for this input. When p 
for y mk is equal to min j (y mj ), the worst desirable output [31] . In the empirical analysis, the directional vector of the input and output and range directional vector are based on data.
The Weighted PSBM Model (WPSBM)
Based on this PSBM, a weighted PSBM model is provided in this section. In the proposed PSBM Model (5), the weight 1 I+M+L of the objective function does not take into account the economic importance of proportions
, since the same weight is assigned to the proportion in each element of a given directional vector. If faced with any institutional constraint, such as government regulations, the decision makers may wish to assign different priorities to the slacks.
Sharp et al. [36] put forward a modified slacks-based measure (MSBM) model. Liu and Tone [45] presented a weighted slacks-based measure (WSBM) model. The MSBM and WSBM models can account for managerial preferences. Following the weighted ideas of the MSBM and WSBM models, we set up a weighted PSBM model as:
are, respectively, the weights assigned to the proportions α i , θ m , δ l for the direction of input i, desirable output m and undesirable output l, and g x ∈ I + , g y ∈ M + , g z ∈ L + . WPSBM model allows us to alter the proportion's weights in the objective function.
In WPSBM model, the slacks of the input, undesirable output and desirable output are, respectively, defined as s
They represent the reduced (expanded) amount of the input and undesirable output (desirable output). They are the total amount of slack. Slack is a vital source of inefficiency. WPSBM model considers the impact of the true amount of slacks on eco-efficiency. Hence, it overcomes the "lack of indication" of DDFM model.
is the improved proportion of the indicators along a given directional vector. The objective function is to maximize the weighted average of these proportions, and the directional vector reflects the value judgment of the decision-makers. In addition, according to the economic importance of each indicator, decision-makers may provide the weight of proportions of indicators in the objective function.
Eco-efficiency γ * of WPSBM model appears intuitively likely to be greater than the eco-efficiency β * of DDFM model, for a given directional vector. The reason is that all the inputs and outputs in DDFM model are improved by the same proportion β, and WPSBM model consider the impact of slacks on the eco-efficiency. The following part gives the properties of WPSBM model.
is the weight vector, and t − * = (t
Since the optimal γ * of the objective function of Model (6) is greater than γ, we have γ * ≥ β * .
Property 2.
Let directional vector be g = (−x i , y m , −z l ); when the weights in the objective function are given, WPSBM model is unit invariant, but it is not translation invariant.
Property 2 indicates that under g = (−x i , y m , −z l ), efficiency measure of the WPSBM is invariant when the units of the inputs and outputs change. However, the optimal solution of WPSBM model changes while an amount is added to each indicator, namely parallel translation.
+ , g y ∈ M + and g z ∈ L + ; where
Then, when the weights in the objective function are given, WPSBM model is unit invariant, and it is translation invariant under the variable returns to scale (VRS), namely adding constraint
Property 3 shows that efficiency measure of the WPSBM is unit invariant, when the directional vector is the range vector. It is the same as g = (−x i , y m , −z l ). The WPSBM model is translation invariant under the variable returns to scale (VRS), when the directional vector is the range vector. One of the reasons is under VRS, and the other reason is that the range does not change with the addition of a constant to each input and output. Hence, the solution of WPSBM model does not change under the variable returns to scale (VRS) for parallel translation of the input and output.
There are some advantages to WPSBM model. First, it is a linear programming problem and is not complicated to solve. Second, it considers resource inputs, undesirable outputs and desirable outputs simultaneously, and it can assess eco-efficiency more accurately and comprehensively. Third, WPSBM model has a better economic proportion interpretation. It can directly provide the expanded (contracted) proportions of the desirable outputs (resource inputs and pollutant emissions). Fourth, it considers the impacts of the slacks on eco-efficiency values and encapsulates all possible sources of inefficiency. The computation results in the empirical analysis in Section 3 indicate that the influence of the slacks on eco-efficiency is very big, and cannot be neglected. In addition, it is related to the directional distance function, and is more general. This model is unit invariance when the unit of the directional vector is the same as the inputs and outputs. Moreover, WPSBM model allow decision-makers to take into account the economic importance of inputs and outputs in the assessment of eco-efficiency. Decision-makers may give weights of the proportions of indicators in the objective function according to the economic importance.
In the empirical analysis of Section 3, we use the DDFM, PSBM and WPSBM models to estimate eco-efficiency for two sets of directional vectors:
Directional vector 1:
Directional vector 2:
Empirical Analysis
In this section, we applied the DDFM model and the proposed PSBM and WPSBM models to analyze the eco-efficiency of 30 provinces in China in 2015.
Input and Output Indicators
In the physical economy, we input material, energy and produce products, and at the same time waste and emissions (other undesirable outputs) are unavoidable [12] . Hence, there are two essential classes of inputs from nature into the economy: the supply of resources (i.e., energy and water) and nature's function as sink for the discharge of residuals and pollutants [12] . Mickwitz and Melanen [46] pointed out that environmental pressure (impact) indicators such as emissions, land use and resource extractions can be used to monitor the changes in environmental effects, since they are related to the total annual production volume of the regions.
Eco-efficiency is defined as a ratio between the economic value of what has been produced and the environmental impact of the products or services [3] . There are still no standard indicators and measurements for economic and environmental values [47] . Some institutions and researchers established economic value and environmental performance indicators. For the economic part of the eco-efficiency ratio, WBSCD selected quantity of goods (or services) and net sales as general indexes of product (or service) value, and value added as supplemental indicators [4] . United Nations Conference on Trade and Development (UNCTAD) suggested utilizing value added to represent economic performance indicators [48] . At the regional level, Seppala et al. [49] applied gross domestic product (GDP), value added of industries and output at the basic prices to represent the value of products and services in the Kymenlaakso region. In addition, GDP was also used to represent the values of products and services for analyzing eco-efficiency of cities in China [14] , environmental efficiency of a regional economy [50] , environmental efficiency of the 22 OECD countries [51] and environmental performance [52] .
The environmental impact part of the eco-efficiency ratio includes resource inputs and the discharge of residuals and pollutants [12] . WCED [1] suggested selecting greenhouse gas (GHG) emissions, energy consumption, water withdrawals, and hazardous waste as environmental indicators. WBSCD [4] recommended taking material consumption, energy consumption, water consumption, ozone depleting substance emissions and greenhouse gas (GHG) emissions as five general applicable indicators, and acidification gas emissions and total waste as two supplemental indexes. Verfaillie et al. [53] thought that four environmental aspects dominated the overall environmental performance: global warming potential, photochemical oxidation potential, acidification potential and emissions of heavy metals. Global warming potential is influenced by carbon dioxide (CO 2 ), methane (CH 4 ) and other greenhouse gases. Sulfur dioxide (SO 2 ) and nitrogen oxide emissions contribute to acidification effect. Seppala et al. [49] divided environmental impact indicators into three sections: pressure indicators (such as emission of SO 2 ), impact category indicators (e.g., CO 2 equivalents in the case of climate change), and a total impact indicator. German environmental economic account took land input, energy consumption, water consumption, material consumption, labor input, capital input, greenhouse gas emissions and acid gas emissions as environmental pressure indicators in the assessment of eco-efficiency [6] . While referring to the regional environmental impact indicators, Mickwitz et al. [46] applied physical input-output tables of Kymenlaakso's regional economy to obtain the natural resource consumption indicators, such as total material requirement or direct material input.
In some other literature, water consumption was taken as one of the input indicators for assessing eco-efficiency [6, 12, 14, 54, 55] . Energy consumption was selected as one of the input indicators for analyzing eco-efficiency [12, 14] . Since the construction land area represents land utilization, it was considered as one of the input indicators for measuring eco-efficiency [6, 14, 46, 54] . Chemical oxygen demand (COD) emissions, SO 2 emissions, and soot and dust emissions were chosen as some undesirable output indicators for analyzing eco-efficiency [12, 14, 54] . In addition, Mahlberg and Sahoo [51] took the greenhouse gas as the undesirable output to measure environmental efficiency of the 22 OECD countries. Zhang et al. [12] chose solid waste as one of the undesirable outputs to assess eco-efficiency of industrial system in China.
Sorvari et al. [56] indicated eco-efficiency can also be understood as a wider notion including social and cultural aspects. Mickwitz et al. [46] presented the social and cultural indicator "safety" (which is measured by the development of certain crimes, the number of violent crime and the number of traffic accidents). Some studies took labor as one of the input indicators. The number of employed persons can represent a region's stability, prosperity and vitality [57] . Mahlberg and Sahoo [51] found labor is one of the most important inputs, and considered the social indicator (labor) for eco-efficiency analysis of the 22 OECD countries. Some other studies also selected labor as an input indicator to measure eco-efficiency [6, 14, 54, 58, 59] . In addition to the above studies, the number of employees was selected as one of the inputs for the analysis of the operational and environmental assessment of Japanese electric power companies [60] . Whether the numbers of employed person should be utilized as an input or output depends on the research purpose [14] . However, one goal of economic development is to improve labor productivity. Moreover, eco-efficiency aims at producing more goods and services with fewer resources as well as less waste emissions. Hence, this paper also takes the labor as an input indicator to measure its contribution to the desirable outputs.
Based on previous studies, considering the data availability, this research establishes nine indicators for assessing the eco-efficiency of 30 provinces in China in 2015. For the desirable output, the gross domestic production (GDP) is usually used. This paper uses GDP at a regional level as a measure of economic value of a regional economy. For the resource inputs, according to the material flow accounts, taking into account the social factor (labor), four main categories of resource input indicators are finally selected in this research: water resource consumption, construction land, employment population and energy consumption. These indicators reflect the contributions to the desirable output. For undesirable outputs, COD, nitrogen oxide, sulfur dioxide (SO 2 ) and soot and dust are finally selected in the research. In China, in recent years, driven by sustained and rapid growth of industrial, agricultural and municipal pollutants, water and air quality has deteriorated at an accelerating rate. The polluted water of the river is badly endangering the health of People. Chemical oxygen demand (COD) is one of the main water pollutants. Moreover, many cities in China have suffered from serious smog. Sulfur dioxide (SO 2 ), nitrogen oxide, and soot and dust are important components of smog, which are harmful to people's health.
This research is based on data from 2015. All data are collected from China Statistical Yearbook in 2016 and China Energy Statistical Yearbook in 2016 (which presents data for 2015). The characteristics of the variables used in our analysis are summarized in Table 1 . Tables 2 and 3 
In the formulations of eco-efficiency of the WPSBM model, the weights for water resource, construction land, employment population, energy consumption, COD, SO 2 , nitrogen oxide, soot and dust, and GDP are, respectively, 3/18, 3/18, 3/18, 3/18, 1/18, 1/18, 1/18, 1/18, and 2/18 (the weights are given by us). The reason why these weights are assigned to the indicators is that we want to compare the results under different weights with the results carrying the same weights, and investigate the impact of the weights in the objective function on eco-efficiency results. When some decision makers need take into account economic importance, the weighted model is more reasonable and their results are more accurate.
It can be seen in Table 2 that PSBM model finds only five provinces efficient: Beijing, Tianjin, Neimenggu, Shanghai and Jiangsu. All the efficient units for PSBM and WPSBM models are the same as those generated by the DDFM model. Moreover, all the eco-efficiency values of the PSBM and WPSBM model are greater than or equal to those of the DDFM model. Tables 2 and 3 indicate that all the efficient units for the DDFM, PSBM and WPSBM models are same, for different directional vectors and any given weight vector.
For the eco-efficiency measure models in this paper, the smaller the eco-efficiency value is, the more eco-efficient the DMU is. The results in Table 2 indicate the eco-efficiency values of most provinces are far greater than the efficient level zero. The provinces in the east are more eco-efficient than those in other districts. In the east, with exception of Anhui and Jiangxi provinces, other provinces have smaller eco-efficiency values. Zhejiang, Guangdong, Fujian, and Shandong are more eco-efficient than other inefficient provinces. The top six most eco-inefficient provinces are, sequentially, Xinjiang, Gansu, Ningxia, Shanxi, Qinghai, and Heilongjiang. Wu and Ma [61] investigated eco-efficiency of 31 provinces in China by the radial measure model. The results indicated that, in 2013, the efficient provinces are Beijing, Tianjin, Neimenggu, Guangdong, Hainan and Tibet. Although Shanghai is eco-inefficient in 2013, it is more efficient than 24 other inefficient provinces. Next are Qinghai, Heilongjiang and Jilin. The top six most eco-inefficient provinces are Ningxia, Jiangxi, Anhui, Xinjiang, Hunan and Sichuan. Compared with WPSBM model, radial measure overestimates eco-efficiency. The difference of the results between Wu and Ma [61] and our paper is mainly caused by several aspects: the chosen model and indicator, and year analyzed. In addition, Zhang et al. [12] investigated eco-efficiency of industrial system of 30 provinces in China in 2004, using the radial measure model. The results indicated that six provinces are eco-efficient: Beijing, Tianjin, Shanghai, Guangdong, Hainan and Qinghai. However, our paper analyzes eco-efficiency of 30 provinces in 2015 in China, by slacks-based measure model. The computation results demonstrate that only five provinces are eco-efficient: Beijing, Tianjin, Neimenggu, Shanghai and Jiangsu. Guangdong, Hainan and Qinghai are no longer eco-efficient. Perhaps the difference of the results is related to the chosen model, indicator, year and provinces. In addition, the difference of the rank of inefficient provinces is very big, comparing the results of our paper with that of Wu and Ma [61] , and Zhang et al. [12] . An important reason is that this paper analyzes eco-efficiency by the slacks-based measure model, and not radial measure model like Wu and Ma [61] , and Zhang et al. [12] . In addition, some other studies investigated the eco-efficiency of cities in China. For example, Chen et al. [18] calculated eco-efficiency of 32 resource-based cities by super-efficiency DEA method, which can distinguish the efficiency value of the efficient decision making units. Guo et al. [19] measured sustainable development of 33 resource-based cities by eco-efficiency, applying factor analysis method. Yin et al. [14] utilized eco-efficiency as an indicator for urban sustainability, and measured eco-efficiency of 30 Chinese provincial capital cities by super-efficiency DEA method. The seventh row in Table 2 gives the percentage of the deviation between eco-efficiencies EE A2 and their mean EE A2 , computed
. Eco-efficiency values in Zhejiang, Fujian, Shandong, Hunan, Guangdong and Hainan provinces are smaller than the mean, and their deviation's percentages are −56.28%, −21.02%, −15.59%, −8.41%, −64.12%, and −0.9%, respectively. The eighth row provides the percentages of the deviation between eco-efficiencies under DDFM and PSBM models, which shows the impact of slacks on the eco-efficiency. In 25 eco-inefficient provinces, the percentages of the deviation of 24 provinces are greater than 50%. The data in the ninth row are the percentages of deviation between eco-efficiencies of PSBM and WPSBM models. The results indicate that the weight in the WPSBM model has little impact on eco-efficiency. Most of the percentages are between 7% and 15%.
Regional disparity of eco-efficiency in China exhibits a similar pattern of economic development. The provinces with higher GDP are also more eco-efficient. In relatively developed regions, provinces usually have better technologies, management systems, human resources and industry structures so that they can utilize resources more efficiently and emit fewer pollutants. Therefore, central government should provide more technical and financial assistance to less developed areas for improving their eco-efficiency and sustainable development. Since sustainable development means development that meets the needs of the present without compromising the ability of future generations to meet their own needs, it has been widely adopted as a goal [1] . Although the improved eco-efficiency does not guarantee the sustainability, eco-efficiency might be regarded as a route to transform the unsustainable development into a sustainable one. Hence, to achieve sustainable development, the backward regions should improve resource utilization and simultaneously reduce the emission. Table 3 . Eco-efficiency values under DDFM, PSBM and WPSBM models using the directional vector: 
The Evaluation Results under PSBM Model
When the directional vector is g = (−x i , y m , −z l ) (Model (5)), we obtain the eco-efficiency EE A2 , the proportions α * i (i = 1, 2, 3, 4), δ * l (l = 1, 2, 3, 4) and θ * 1 . Here α * i (i = 1, 2, 3, 4) are the proportions by which water resource, construction land, employment population and energy consumption can be decreased, respectively; δ * l (l = 1, 2, 3, 4) are the proportions by which COD, SO 2 , nitrogen oxide, and soot and dust can be reduced, respectively; and θ * 1 is the proportion by which GDP can be expanded. Some results are listed in Table 4 .
Means 1-6 in Table 4 denote the averages of the evaluation results of the inefficient provinces in the north, northeast, east, south, southeast and northwest, respectively. Mean denotes the average of the evaluation results of the 25 inefficient provinces in China. The average eco-efficiency value of inefficient provinces in the east is the smallest, followed in order by south, southeast, northeast, north and northwest. Table 4 also gives the average of the reduced proportions for the input and undesirable output indicators in China and different regions.
The results in Table 4 show that, in most provinces, there are excess conventional inputs and undesirable outputs to some extent. The mean eco-efficiency of 25 inefficient provinces is 0.5258, which is far greater than the efficient value zero. The average proportions of water resource, construction land, employment population, energy consumption, COD, SO 2 , nitrogen oxide, and soot and dust could be contracted by 80.4%, 67.17%, 1.77%, 41.43%, 72.66%, 71.25%, 61.12% and 77.45%, respectively. Hence, totally, in the inefficient provinces in China, the consumption of water resource should be decreased the most, followed by construction land and energy consumption. Meanwhile, the discharge in soot and dust should be reduced greatly, followed by COD, SO 2 and nitrogen oxide. It is important for China to reduce resource use and pollution emission to promote eco-efficiency.
The findings in Table 4 indicate that there is still much room for contraction of water resource use, construction land inputs, energy consumption and pollutant emissions. Hence, central and regional governments should develop some policies to promote eco-efficiency and sustainable development. Various provinces should have different strategies of optimizing eco-efficiency. Technology, financial support and proper management policies should be provided based on the attributes of each province. Table 4 provides the improved proportions of the inputs, and desirable and undesirable outputs along the input and output direction in the PSBM model. According to the results of the PSBM model in Table 4 , regarding eastern inefficient provinces, the consumption in water resource should be decreased sharply, followed by construction land and energy consumption. Furthermore, the discharge of soot and dust should be reduced greatly, followed by COD, SO 2 and nitrogen oxide. In the south, the input in water resource should be decreased greatly, followed by construction land and energy consumption. Meanwhile, the emission in COD should be contracted sharply, then soot and dust, SO 2 and nitrogen oxide. Compared with the eastern and southern inefficient provinces, in the north, the discharge of soot and dust should be reduced drastically, followed by SO 2 and nitrogen oxide. The consumption of energy should be decreased sharply. In the northeast, the emission in soot and dust should be decreased sharply, then COD and SO 2 . In the southeast, the input in the construction land and the discharge in soot and dust should be reduced, then COD, SO 2 and nitrogen oxide greatly.
In the northwest, the input in water resource, construction land and energy consumption, and the discharge in soot and dust should be decreased drastically, then, SO 2 and nitrogen oxide.
In addition, in Table 4 , we can see that, in the northwest, the decreased proportion of the input of water resource is the biggest, then south, northeast, southeast, east and north. In the northwest, the reduced proportion of the input in construction land is the biggest, then north, northeast, southeast, south and east. Northwest and north areas should decrease the consumption in energy sharply, then southeast and northeast. In the northwest, the decreased proportion of discharge in COD is the biggest, then northeast, north, south, southeast and east. In the northwest, the reduced proportion of the emission in SO 2 is the biggest, then north, southeast, northeast, east and south. Northwest area should decrease the discharge in nitrogen oxide extremely, then north, northeast, southeast. North area should reduce the emission in soot and dust greatly, then northwest, northeast, southeast, east and south. Table 2 , we can obtain the ecological performance value η = (1 − EE A2 ). The greater η is, the better the ecological performance of the DMU is. Figure 1 gives the Spearman rank correlation coefficients between η and each input, desirable output and undesirable output emission intensity (tons per 10 thousand hectares) so that the relationship among them can be analyzed. Figure 1 shows the greater the GDP and employment population is, the higher the ecological performance is. The smaller the soot and dust emission intensity is, the higher the ecological performance is, which shows, to some extent, the more eco-efficient provinces give some emphasis on cleaner production in recent years while developing the economy.
Since ecological performance might increase even if resource inputs and pollutants emissions increase as long as the desirable outputs expand faster, we cannot judge that the eco-efficient provinces are more sustainable than other provinces. Both central and local governments in China have preferences for GDP growth while neglecting low efficiency resource utilization and environmental degradation. However, this does not render the role of the concept of eco-efficiency. Measurement of eco-efficiency is vital for finding an effective way of decreasing environmental pressures. 
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Discussion
In efficiency assessment, DDFM model is widely used due to its advantages. On the one hand, it generalizes some existing DEA models. For example, input-oriented and output-oriented radial measure models are particular DDFM models under a special directional vector. On the other hand, it is flexible in choosing the directional vector. Although the directional vector is considered arbitrary, some directional vectors reflect the value judgment of decision-makers. The DDFM model (Table 2 ) and input, desirable output, and undesirable output emission intensity (tons per 10 thousand hectares). Note: **: p < 0.01.
In efficiency assessment, DDFM model is widely used due to its advantages. On the one hand, it generalizes some existing DEA models. For example, input-oriented and output-oriented radial measure models are particular DDFM models under a special directional vector. On the other hand, it is flexible in choosing the directional vector. Although the directional vector is considered arbitrary, some directional vectors reflect the value judgment of decision-makers. The DDFM model under the vector of input and output can provide the improved proportion of each indicator. Compared to the observed variables, the evaluation results under the range vector are relative to the maximum inefficiency, which the observations allow in each input and output. The maximum of the input (or undesirable output) is the worst observed value for this input (or undesirable output). The minimum of the desirable output is the worst observed value for this desirable output. However, DDFM model does not take into account the true amount of slack. It only considers the directional slack, whereas non-directional slack is an important source of inefficiency. Hence, this paper investigates the evaluation problem of eco-efficiency by the slacks-based measure model. Based on DDFM model and some slacks-based model, we set up the PSBM and WPSBM models to assess the EE. The proposed model is related to the directional vector, and it is a linear programming, which is solved easily. Moreover, it considers the resource inputs, desirable outputs and undesirable outputs simultaneously and can provide the expanded (decreased) proportion of the desirable output (resource input and pollutant emission). In addition, the decision makers can assign the weights to the slacks of the indicators in the objective function of WPSBM model, according to the economic importance. The empirical study demonstrates that all the efficient units for the proposed PSBM and WPSBM models are the same as those generated by the DDFM model. However, DDFM model overestimated the ecological performance of DMU. Comparing the results of WPSBM model with that of DDFM model, we can find non-directional slack is a vital source of inefficiency and should not be neglected. The WPSBM model takes into account the total slack amount, including the directional slack and non-directional slack. The empirical study indicates, for different directional vectors and any given weight vector, all the efficient DMUs for the DDFM, PSBM and WPSBM models are same. The evaluation results of various directional vectors are different, and the directional vector influences eco-efficiency in WPSBM. The weight impacts on the assessment of the eco-efficiency. In conclusion, the empirical study results indicate the developed slacks-based measure model can be used in the assessment of eco-efficiency effectively and reasonably.
In addition, the evaluation results demonstrate that the eco-efficiency and GDP exhibits highly positive correlation at the 0.01 level in China. One of the reasons is that China's officeholders are assessed and promoted based on economic growth rather than social and environmental performance, which makes local government emphasize GDP growth with less attention to environmental protection. However, GDP is only one of the important indicators used to measure economic development level. There are other economic development indexes such as per capita disposable income, per capita net income of farmers, power consumption per 10 thousand GDP, the proportion of the third industry population, environment and so on. The computation results also indicate provinces with higher ecological performance use more labor and construction land, and yield higher COD emission intensity. Hence, provinces with higher ecological performance should also increase labor productivity and output of construction land, and decrease COD emission intensity. From the results in Table 4 in the empirical analysis, there is still a greater contraction space for resource input and pollutant emission in china. Totally, regarding inefficient provinces in China, the consumption of water resources should be decreased greatly, as well as construction land and energy consumption. Moreover, the discharge of soot and dust should be reduced sharply, followed by COD and SO 2 . In industry, agriculture, service sector and people's life, water resource and energy consumption should be saved. At the same time, it is important to reduce emissions. Firm, manager, government and the public should realize the importance of environmental protection. In recent years, in China, more and more cities are suffering from smog, which seriously affects people's life and health. Hence, emission of soot and dust, SO 2 , and nitrogen oxide should be decreased sharply. In addition, water pollution often occurs in some areas and water resources are scarce. Our work allows us to draw an important conclusion that central and local government neglect resource utilization efficiency and environmental degradation when developing the economy. However, better resource utilization efficiency is the way to reduce conflicts between future development and resource burdens [62] [63] [64] .
Circular economy and cleaner production should be adopted as one of the strategies to developing the economy in order to protect environment. Circular economy is based upon the 3R principles (reduction, reuse and recycle). Circular economy refers to the transformation of the traditional "resources-products-pollutions" mode into the "resources-products-regenerated resources" mode, which can realize the closed loop of resources and energy flow in social and economy activities [65] . Developing the circular economy is the key to achieve economic development, ecology and environmental protection. The circular economy potentially increases value to business and communities by optimizing the use of materials, energy and community resources. Cleaner production is widely applicable and generally delivers both environmental and competitive advantage, even though the theoretical debate whether being green can be competitive is far from resolved [66] . Cleaner production can improve the eco-efficiency of one company through pollution prevention approach. The circular economy and cleaner production improve resource utilization efficiency, protect the environment and realize sustainable development. The eco-efficiency indicator has been used to measure environmental performance related to economic performance in the application of circular economy. Various areas should have different strategies for higher ecological performance and sustainable development. Central government should provide more technical and financial assistance to less developed areas for improving their eco-efficiency and sustainable development. Moreover, regulation toward pollution control also plays a vital role. In addition, environmental proactivity has a positive and significant effect on the firm's economic value. It can improve the competitiveness of firms by reducing costs [5] . Hence, environmental proactivity has a greater influence on decreasing environmental pressures (resource consumption and waste emission) and improving eco-efficiency [5] . The notion of eco-efficiency should be widely spread to public, enterprise and government.
Finally, this research has some limitations. Further work needs to be done in these area. First, the input and output indicators should be expanded, such as the total material requirement and cultural indicators, which can analyze eco-efficiency comprehensively. Apart from these indicators, in the feasible conditions, greenhouse gas emissions may be collected or computed approximately by other methods and be taken as one of the undesirable output indicators. Second, the proposed DEA models should be combined with other methods, such as life cycle assessment (LCA). LCA approach can be used to assess the potential environmental impacts and resources used. Third, future empirical research should apply the proposed DEA models to the dynamic analysis of eco-efficiency, which can explain changes of eco-efficiency over time and reflect the region's sustainable development more accurately. Furthermore, the dual problem of the model should be investigated.
